A Ni/meso-MgO catalyst with high surface area and small Ni nanoparticles was synthesized and investigated for hydrogen production by steam reforming of phenol for the first time. Compared to conventional Ni/MgO, the Ni/meso-MgO catalyst showed higher catalytic activity and stability. X-ray Diffraction, N2 adsorption, hydrogen temperature programmed reduction, transmission electron microscopy and thermal gravimetry results indicated that the Ni/meso-MgO catalyst had higher surface area than Ni/MgO and Ni particles of Ni/meso-MgO were narrowly distributed in the range of 5~6 nm with an average size of 5.3 nm, while Ni particles of Ni/MgO were in the range of 6~10 nm with an average size of 7.92 nm. The small and uniform Ni nanoparticles in Ni/meso-MgO were attributed to the high surface area and the confinement effect of the mesoporous structure of meso-MgO, which could effectively limit the growth of the active metal and stabilize Ni particles during the procedure of NiO reduction. The mesoporous structure of Ni/meso-MgO also played an important role in suppressing Ni nanoparticle sintering and carbon deposition during the steam reforming of phenol reaction.
Introduction
Hydrogen produced from renewable resources, e.g., biomass, without net contribution to CO2 emissions, is one of the most promising clean fuels [1] . Biomass gasification for hydrogen production is a fast developing technology [2] . However, one critical challenge for biomass gasification application is avoiding the formation of tar or eliminating tar [3] . Tars, products usually formed during biomass gasification, are aromatic hydrocarbons containing about 5.0 wt. % phenolic compounds [4] . Eliminating tar by catalytic steam reforming of the gasification products is an attractive approach because steam reforming can convert tar components into H2 and other useful chemicals [5] . Ni-based catalysts are the extensively studied catalysts for steam reforming of organic hydrocarbons due to their low cost and initial high catalytic activity [6, 7] . Unfortunately, thermal sintering and coke deposition are the major drawbacks of Ni-based catalysts which cause catalyst deactivation [8] . Efforts have been made for Ni-based catalysts with resistance to Ni sintering and coke deposition by reducing the particle size of active metal, forming inactive carbon [9, 10] , and employing strong Lewis bases as catalyst supports [11] . Although some encouraging results have been obtained, developing Ni-based catalysts with both high catalytic activity and stability for steam reforming of organic hydrocarbons still remains a challenge.
To develop a Ni-based catalyst with high resistance to Ni sintering and coke deposition during steam reforming, three factors are extremely important. The first one is small nickel particles, which are known to inhibit the nucleation of coke [12] ; The second one is use of strong Lewis bases as catalyst supports [11] , which can reduce/suppress carbon deposition and increase the rate of coke gasification by enhancing the adsorption of water [13] ; The last one is a confined space that could limit Ni sintering. Considering these three factors, we propose a nickel-based catalyst supported on mesoporous MgO could be a promising catalyst. MgO was used because NiO and MgO can form theoretically ideal solid solution in any molar ratio and the strong interaction between them is helpful for preventing Ni particle sintering and the coke deposition [14, 15] . Mesoporous MgO instead of commercial MgO was used because the higher specific surface area induced by mesopores favored the dispersion of Ni metal particles and the "confinement effect" of mesopores limited the growth of Ni particles during catalyst preparation and subsequent reaction [16, 17] . In addition, mesopores improved the mass transfer of the reactants and products.
Herein, we synthesized Ni/meso-MgO catalyst and investigated its performance for steam reforming of phenol for hydrogen production for the first time. A conventional Ni/MgO catalyst was also synthesized and compared with Ni/meso-MgO. Figure 1 shows the small-angle XRD patterns of meso-MgO support, fresh NiO/meso-MgO solid solution, reduced Ni/meso-MgO catalyst and used Ni/meso-MgO catalyst. Clearly, all the four samples exhibit an obvious diffraction peak at around 0.82°, indicating the presence of mesostructure in these samples. Note that the XRD diffraction peak intensity of the fresh NiO/meso-MgO solid solution is lower than that of meso-MgO, which was caused by the decline of the order of mesoporous structure when NiO loaded on the pore wall of meso-MgO. The similar decrease in the diffraction peak intensity was also observed over the used Ni/meso-MgO catalyst compared to the fresh one, suggesting that mesoporous structure partially degraded. (200) of Ni. Compared with the supports, it can be seen that NiO/MgO peak positions slightly shifted to higher angles after nickel loading, and no apparent NiO diffraction peak was observed for all the samples, indicating that the solid solution was formed via incorporation of NiO into MgO bulk during calcination [18] . Table 1 . It is worth noting that the specific surface area of mesoporous MgO is 2.3 times that of conventional MgO (see Table 1 ). In addition, the BET surface area of NiO/meso-MgO is about 2.1 times that of NiO/MgO. As seen in Figure 4 , mesoporous MgO and NiO/meso-MgO exhibit the type IV isotherms according to the IUPAC classification with hysteresis loops between H3 (Figure 4b ) and H1 (Figure 4d ) [19, 20] . The results confirm the presence of mesoporous structure in these samples, in agreement with XRD results [21] . In comparison, the N2 adsorption isotherms of conventional MgO and NiO/MgO did not show any hysteresis loops (see Figure 4a ,c). In addition, the pore size distributions of mesoporous MgO and NiO/meso-MgO are exhibited in Table 1 and Figure 5 . The pore size distributions are in the range of 8.0~9.0 nm. Note that incorporation of Ni into meso-MgO reduced the specific surface area and pore volume of meso-MgO (see Table 1 ). This is due to the partial pore-blocking upon impregnation of Ni [22] . It is interesting to note that the pore size of NiO/meso-MgO is larger than that of mesoporous MgO support ( Figure 5 and Table 1 ), which suggests that adjacent mesopores merged into larger mesopores during the preparation of NiO/meso-MgO [23] . , Ni particles (dark spots) are randomly distributed on the whole support. In addition, the size of nickel particle on Ni/MgO is in the range of 5 nm to 10 nm and the average size is 7.92 nm based on more than 100 particles (see Figure 7b) . While for Ni/meso-MgO, the average Ni particle size is 5.30 nm (Figure 7d ), which is a good agreement with the XRD analysis (see Table 2 ). Figure 7c also shows that the mesoporous channels (10.06 nm) were well maintained after metallic Ni loading. Considering that the Ni particle was uniform and well distributed and the size of Ni particle is 5.30 nm compared to mesopores (8.54 nm) of mesoporous MgO support, mesoporous MgO support played a confinement role in the distribution and growth of Ni particle during the preparation of Ni/meso-MgO. a Ni reducibility, Ni dispersion, Ni surface area were all calculated from the XRD results; b Ni particle size was calculated using weighted average from the TEM results; c Average Ni particle size was calculated using Scherrer Formula from the XRD results;
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d Turnover frequency (TOF) was calculated from the moles of phenol conversion in 1 s over per mole of metallic Ni contained in the catalyst; TOF(s −1 ) = feed flow rate × X phenol /M phenol /3600/n exposed Ni after 1 h of reaction.
TPR Test of Catalyst Precursors
The H2-TPR tests were conducted to simulate the reduction procedure of Ni-based MgO catalysts in situ, which the temperature was held at 650 °C for 1.0 h to determine the corresponding reduction degree of Ni, and discriminate various species in solid solutions at this temperature programmed process. The TPR profile is illustrated in Figure 8 and the physical and chemical properties of Ni-based MgO catalysts are shown in Table 2 .
The curves in Figure 8 disclose two apparent reduction peaks at around 375 and 565 °C, respectively. The former associated with reduction of Ni 2+ ions located at the surface layer of the solid solution, the latter with a small shoulder peak could be attributed to sublayer Ni 2+ reduction [24] . For the two catalysts, the first peak of Ni/meso-MgO appeared at higher temperature. In addition, the intensity of the reduction peak decreased as the particle size of Ni in catalysts decreased, demonstrating that small Ni particles were reduction resistant [25] . This also implies that small Ni particles with high surface area (the surface areas of Ni/MgO and Ni/meso-MgO catalysts are 13.88 and 16.02 m 2 /g in Table 2 , respectively.) have reasonably strong interaction with the surfaces of meso-MgO support thus suppressing the reduction of the particles that are limited to mesoporous material. In contrast, the big particles have less contact area with the support, consequently resulting in more reduction of NiO to Ni [26, 27] . The calculated reduction degrees of Ni species are listed in Table 2 . Only 14.57% and 12.29% of Ni species in the fresh NiO/MgO and NiO/meso-MgO solid solutions were reduced to metallic Ni. It indicates that a less amount of Ni was reduced on the mesoporous catalyst than that on the conventional catalyst. 
Catalytic Properties
Catalytic Activity
H2 production by steam reforming of phenol was carried out over these catalysts, and the reaction conditions were 0.3 g catalyst at 450 °C, N2 flow rate = 45 mL/min, liquid follow rate = 5.2 mL/h, S/C = 20 mol/mol. As shown in Figure 9 , Ni/MgO exhibited lower activity and rapid deactivation during the 6 h of reaction. In addition, the conversion of phenol decreased from 81.5% to 62.9%. In contrast, Ni/meso-MgO exhibited relatively higher activity and stability under the same reaction conditions. The phenol conversion over Ni/meso-MgO was still up to 83.1% even after reaction for 6 h. In addition, the yield of H2 over Ni/MgO was as low as 37.4%. However, the yield of H2 over Ni/meso-MgO kept at 49.9% after reaction for 6 h. Meanwhile, the H2 selectivities over Ni/MgO and Ni/meso-MgO catalysts were 65.9% and 85.2%, respectively. Based on the results shown in Figure 9 , it can be concluded that the activity and stability of Ni/meso-MgO catalyst are much higher than those of Ni/MgO catalyst. The gaseous products distribution was added and listed in Table 3 . It was found that H2 was the main gas product, whereas CO and CO2 were present in small amounts. Throughout the whole experiment, CH4 was not observed. There were several reasons that could explain the better activity and stability of Ni/meso-MgO than Ni/MgO. First of all, the mesostructure in Ni/meso-MgO provided the reactants more accessible nickel active sites than the conventional Ni/MgO catalyst. Second of all, the Ni particle on Ni/meso-MgO is smaller than that on Ni/MgO (see Table 2 ). It is known that small Ni particles exhibited strengthened capability for suppressing the carbon deposition [12] . Third of all, the mesoporous structure of Ni/meso-MgO played a very important role in inhibiting the growth of the Ni nanoparticles during the reaction. At the same, the larger specific surface area of mesoporous MgO is also in favor of the dispersion of Ni particles on the catalyst. As a result, the catalytic activity and stability of the Ni/meso-MgO catalyst were improved due to the small size of the Ni particles. Last but not least, the confinement effect of the mesoporous structure can stabilize the Ni particles during the procedure of reduction and reaction.
We also calculated the turnover frequency (TOF) of phenol conversion at the initial reaction on the basis of the amount of exposed Ni listed in Table 2 . At 450 °C, the TOF of phenol conversion is 6.43 s −1 over Ni/MgO vs. 6.48 s −1 over Ni/meso-MgO. The TOF values show that the specific activity of metallic Ni is almost the same for these two catalysts. The obvious difference of the phenol conversion seen in Figure 9 is mainly attributed to the Ni surface area and amount of exposed Ni for theses two catalysts. Figure 10 shows the stability of the Ni/meso-MgO catalyst in terms of the phenol conversion, H2 yield and selectivity vs. the time on stream (TOS), and the reaction conditions were 0.3 g catalyst at 450 °C, N2 flow rate = 45 mL/min, liquid flow rate = 5.2 mL/h, S/C = 20 mol/mol, TOS = 15 h. The Ni/meso-MgO catalyst showed good catalytic stability during 15 h on stream. The phenol conversion, H2 yield and H2 selectivity were almost stable up to 15 h. During the runtime, the conversions of phenol remained at around 82.1% and the corresponding H2 yields kept at 49.5%. Figure 11 shows the TEM and HRTEM images for the used Ni/MgO and Ni/meso-MgO catalysts after reaction for 6 h. The size distribution of nickel particles is also exhibited in Figure 11 . It is found from Figure 11c that the morphology of the used Ni/meso-MgO catalyst is similar to that of the fresh Ni/meso-MgO catalyst (see Figure 7c ). In addition, the used Ni/meso-MgO catalyst still maintained mesoporous channels. As shown in Figure 11d , the average Ni particle size of the used Ni/meso-MgO is 5.5 ± 0.2 nm based on 100 particle measurements, while the nickel particle size of the used Ni/MgO ranged from 6 to 11 nm and the average size is 8.56 nm. These results indicate that the nickel particle size remained unchanged for both of the catalysts during the reaction (see Figures 7b,d and 11b,d) . The strong interaction between Ni particles and solid solution of NiO and MgO inhibited the growth of Ni particles [28] .
Catalytic Stability of Ni/meso-MgO Catalyst
Characterization of Used Catalyst
TEM Analysis of Used Catalyst
The TEM and HRTEM images for the used Ni/meso-MgO catalyst after reaction for 1 h and 15 h are shown in Figure 12 . It is found that the Ni particle size of the used Ni/meso-MgO catalyst is in the range of 5.6 ± 0.2 nm and the Ni particle size remained almost unchanged until TOS = 15 h. Simultaneously, TEM was also used to analyze the carbon deposition behaviors. From Figure 12a ,c, no obvious deposits or formation of carbon whiskers were observed on the used catalyst surface. 
Thermogravimetric Analysis of Used Catalyst
Thermogravimetric analysis (TGA) was used to characterize the weight loss caused by the removal of carbon deposits. The carbon deposition over the Ni/MgO and Ni/meso-MgO catalysts after reaction 6 h at 450 °C were investigated by TGA and the results are shown in Figure 13 . As shown by the TGA curves in Figure 13 , the total weight losses are about 8.0% and 4.8% for the used Ni/MgO and Ni/meso-MgO catalysts. This indicates that the amount of carbon deposited on Ni/meso-MgO is obviously less than that on Ni/MgO. This is because the carbon deposition on Ni/meso-MgO was suppressed due to its smaller Ni particle size compared to that of Ni/MgO. 
Experimental Methods
Preparation of Mesoporous MgO and Ni/meso-MgO Catalysts
Mesoporous MgO was prepared according to the literature [29] . Typically, 2.56 g of Mg(NO3)2·6H2O was dissolved in 50 mL of distilled water and ethanol mixture (volume ratio of 1:1) to make solution A. 0.80 g of NaOH was dissolved in 50 mL of distilled water and ethanol mixture (volume ratio of 3:2) to make solution B. Solution A was then added dropwise into solution B and stirred vigorously for 24 h to form a white suspension. The suspension was transferred into a 150 mL Teflon-lined stainless steel autoclave and the autoclave was then maintained at 160 °C for 24 h. After cooling to room temperature, the white product was washed with distilled water for several times, and then dried at 80 °C for 24 h in air. Finally, the white powder was calcined at 650 °C for 5 h in air and mesoporous MgO was obtained, designated as meso-MgO.
The Ni/meso-MgO catalyst was prepared by impregnation. Typically, a certain amount of Ni(NO3)2·6H2O was dissolved in ethanol to make a 10.98 wt. % Ni solution, then meso-MgO was added into the solution. After stirring for 24 h, the mixture was transferred to an oven at 110 °C and dried. The dried composite was calcined at 650 °C for 5 h in air. The obtained product was NiO/meso-MgO solid solution. Before reaction, the solid solution was reduced in hydrogen flow to obtain Ni/meso-MgO catalyst.
For comparison, a 10.98 wt. % Ni/MgO catalyst was also prepared by impregnating NiO onto MgO with the same procedure.
Characterization
X-ray diffraction (XRD) patterns were tested on Germany Brueckner D8 Advance instrument (Brueckner, Siegsdorf, Germany). The Brunauer-Emmett-Teller (BET) specific surface area and N2 adsorption-desorption isotherms were obtained at −196 °C using a Quantachrome NOVA analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). Transmission electron microscopy (TEM) images were obtained on a FEI Tecnai G20 instrument (FEI Company, Hillsboro, OR, USA). Hydrogen temperature programmed reduction (TPR) measurements were performed on a PCA-1200 apparatus (Biaode, Beijing, China) equipped with a thermal conductivity detector (TCD). For each measurement, about 50 mg of catalyst precursor was heated to 120 °C in argon flow for 30 min and then the sample was cooled to ambient temperature. The furnace temperature was programmed to reach 650 °C at 15.5 °C/min and kept at 650 °C for 1 h in a 10% H2/Ar flow, then slowed down to the room temperature in the reducing gas. The carbon deposited on used catalysts was analyzed by thermogravimetric analysis (TGA) on TGA Q5000, TA Instruments (TA Company, New Castle, DE, USA). The dispersion of Ni (%) and the average particle size of the reduced Ni were calculated according to the literature [30] , and the calculation was as follows:
The number of Ni particles: 
The overall surface area of Ni particles: 
Catalytic Activity Test
The steam reforming of phenol was conducted in a fixed-bed reactor. Typically, 0.30 g catalyst precursor was placed at the center of the quartz tubular reactor (i.d. 6.0 mm) and then reduced in situ in a 10% H2/Ar flow at 650 °C for 1 h. After reduction, the reactor was purged with N2 until H2 cannot be detected on the on-line GC. The pre-blended solution of H2O and phenol with a molar ratio of S/C = 20/1 was pumped into an evaporator pre-heated at 220 °C. The liquid reactant was pumped at a rate of 5.2 mL/h. After vaporization, the reactants were carried to the reactor using N2 with a flow rate of 45 mL/min. After reaction, the gas products were analyzed using an on-line GC equipped with a TDX-01 column and TCD detector. The liquid products were collected by a trap at 0 °C and then analyzed using a GC equipped with a Propark Q column and FID detector. Phenol conversion, hydrogen yield and selectivity were calculated as follows:
